Abstract In order to recover the rare earth elements (REEs) from neodymium permanent magnet scraps, Fe 2 O 3 , B 2 O 3 , and FeO-B 2 O 3 fluxes were designed to extract the REEs. The REEs containing oxides were successfully separated from the Fe-based metals at the temperatures of 1,673, 1,773, and 1,823 K. A mechanism for extraction of REEs has been proposed based mainly on the experimental observations using the flux of FeOÁB 2 O 3 at 1,573 K. Effects of temperature and reaction time were also investigated. The experimental results have shown that increasing temperature and prolonging holding time help the reduction of B 2 O 3 contents in the oxide phase. The FeO-B 2 O 3 fluxes show better extraction efficiency. The purity of rare earth oxide was 98.4 % produced by 2FeOÁB 2 O 3 and the extraction ratios were higher than 99.5 % after the FeO-B 2 O 3 fluxes treatment.
Introduction
The NdFeB permanent magnets contain more than 30 mass% of rare earth elements [1] . It is estimated that 20-30 % neodymium magnets scraps will be produced in the manufacturing process, e.g., processing, sintering, cutting, and polishing [2] . Furthermore, neodymium magnets are very easily oxidized at high working temperatures [3, 4] . The oxidized scraps cannot be reused in the conventional NdFeB magnet production chain. It is, thus, essential to recycle and extract the rare earth elements from magnet scraps [5, 6] .
The conventional ways to extract rare earth elements from permanent magnet are mainly based on hydrometallurgical routes [7] . In these wet processes, huge amounts of water and chemicals, including industrial acids and alkalis, have to be used. These processes bring unavoidable environmental issues. On the other hand, the processes based on the high temperature pyrometallurgical treatments have now attracted more attention for their smaller environmental impacts. Owing to the strong affinity of oxygen to rare earth elements, Nakamoto et al. reported the extraction of REEs in the form of oxides from neodymium magnetic sludge in 2011 [1] . They found that the boron oxide concentration in the slag phase was decreasing with increasing the holding time in a graphite crucible at 1,723 K. The extraction of Nd from the waste NdFeB alloys by the glass slag method was also proposed by Saito et al. in 2003 [8] . Boron oxide was used as the extraction agent. In 2002, Uda used FeCl 2 to recover the rare earths from magnet sludge by transforming the REEs to corresponding rare earth chlorides, and further purifying the rare earth chlorides by vacuum distillation [9] . In 2006, Takeda et al. used magnesium as extraction medium to extract the REEs from the magnet scraps [10] . The rare earth elements were extracted from the magnets as Mg-Nd alloys, and REEs were further separated from the alloys by vacuum distillation of Mg from the Mg-Nd alloys. The use of silver as liquid metal extraction agent was also proposed. The rare earth oxides were the final products by this process [11] . Some other methods, known as slag extraction method [12] , electrolysis method [13] , and carbonylation method [14] , also provide alternative ways to recover the REEs from permanent magnets.
From the thermodynamic point of view, the fluxes of FeO-B 2 O 3 are more favorable for the selective oxidation of neodymium in magnet scraps. In the present work, the optimized conditions for selective extraction of the REEs from the neodymium magnet scraps have been studied experimentally. Since the boron oxide was the major impurity in the rare earth oxides, the effects of experimental temperature and holding time on boron concentrations have been extensively studied. Influence of alumina on the rare earth oxides phase was also examined.
Materials and Method

Materials
Commercial neodymium magnets were used in the present work. The compositions of the magnets, determined by ICP-AES, are listed in Table 1 . In order to accelerate the high temperature selective oxidation process, the commercial neodymium ingot was first pulverized mechanically to fine particles \75 lm. 3 were first mixed with appropriate molar ratio. The mixture was preheated in an iron crucible at 673 K for 5 h under Ar atmosphere for decomposing the oxalate and eliminating the moisture. Then, the mixture was melted at about 100 K higher than the liquidus temperature for 2 h and cooled down to room temperature under inert atmosphere [15] . Iron oxide with purity [99 mass% and boron oxide with purity [98 mass% were also used as oxidizing agent in the present study.
Characterization
All the samples were examined with optical microscopy. The micro-structure of the samples and the distributions of the REEs were measured with backscattered-electron (BSEM) and energy dispersive spectrometry (EDS) detectors. The rare earth oxides were also characterized by X-ray diffraction (XRD) with Cu-Ka radiation. The contents of Nd, Pr, La, Al, Fe, and B in oxide phases were determined by inductively coupled plasma atomic emission spectrometry (ICP-AES) and the carbon contents were measured by Leco CS-600.
Experimental Procedures
An electric furnace with MoSi 2 heating elements was used in the present experiments. The temperature was measured by a Pt-Rh(30 %)/Pt-Rh(6 %) thermocouple. Details of the experimental setup are given in Fig. 1 . For protecting the graphite crucible and accelerating diffusion of carbon in selective oxidation process, pure graphite powder was put on the bottom of the crucible (32 mm inner diameter and 50 mm height). The neodymium magnet powders were then placed into the crucible. The oxidizing agent was placed on the top of neodymium magnet particles. The samples were heated up to the 1,573, 1,673, 1,773, or 1,823 K, and then held for 1, 4, or 9 h in a fixed Ar gas flow (200 ml/min). After the reaction, the sample was cooled down to room temperature in the furnace. Considering the volatilization of boron oxides during the fluxes preparation, the concentration of Fe and B were measured after the preparation of the fluxes, and are listed in Table 2 . The concentrations of Fe and B in the fluxes are close to the theoretical values. It is concluded that the volatilization of boron oxides did not occur significantly during the preparation of the fluxes. This is attributed to the formation of Fe(BO 2 ) 2 that stabilizes boron oxides, especially in the fluxes with high iron concentration. The prepared FeO-B 2 O 3 fluxes also with B 2 O 3 and Fe 2 O 3 were used in the extractive experiments as oxidizing agents.
Results and Discussion
For the oxidative extraction of REEs from magnet scraps, the following reactions should be taken into considerations: Figure 3 shows the standard Gibbs free energy for the above reactions (1) (1) is thermodynamically more feasible to occur than the others reactions.
Extraction of Rare Earth Elements from NdFeB Magnet
The NdFeB material consists of three phases: the Nd 2 Fe 14 B matrix phase (T 1 ), the Nd-rich boundary phase, and Nd 1.1 Fe 4 B 4 phase (T 2 ) [18, 19] . The phase of Nd 2 Fe 14 B was identified by the XRD analysis, as shown in Fig. 4 . Because the contents of the other two phases were relatively smaller, the Nd-rich phase and Nd 1.1 Fe 4 B 4 phase overlapped in the XRD patterns. From the DSC curve of the NdFeB material, three peaks appeared, as marked in Fig. 5 . Although the equilibrium phases were not characterized during the heating of DSC experiment, the peak (1), (2) , and (3) can be expected to be reaction (9), (10), and (11), from the phase diagram evaluated by Hallemans et al. [19] and Van Ende and Jung [20] . In order to ensure the extraction process is going into liquid phase, the start temperature of Peak 3 is considered as the lowest experimental extraction temperature. In the following reactions (9)-(11), L, L 0 , and L 00 represent different liquid phases during the melting process.
In order to examine the separation efficiency of the oxide phase and the metal phase in the sample, an experiment was first carried out at 1,573 K for 9 h using the flux of FeOÁB 2 O 3 as oxidizing agent. Figure 6 (a) shows optical microscope images of the sample. In Fig. 6 (b) three layers above the metal bath were observed. Layer 1 is a metal phase whereas layer 2 and 3 are the oxide phases. After separating these three different phases mechanically, they were characterized by XRD. The XRD patterns, as shown in Fig. 7 , indicated that layer 1 was a metal phase containing mainly the a-Fe metal phase. Layer 2 was the rare earth borate, REBO 3 . Layer 3 was the relative pure rare earth hydroxide, RE(OH) 3 , probably hydrolyzed from the pure rare earth oxide [21] . Because the lattice constants of NdBO 3 and PrBO 3 are extremely close, they were not marked separately. The same treatment was also used to RE(OH) 3 and REAlO 3 in the following XRD identifications. The above experimental results may help us to reveal the reaction mechanism of REEs' high temperature extraction process. The melting temperature of FeOÁB 2 O 3 and of Nd 2 Fe 14 B are about 1,090 K [15] and 1,400 K (as shown in Fig. 5 ), respectively. Both the magnet scraps and flux were initially in the liquid states at 1,573 K under the Initially, FeO in the flux is reduced by REEs in the metal bath, and the iron precipitated on the top of the sample. When interpreting the phenomenon of iron precipitation, it should be kept in mind that the difference of densities between the rare earth oxides (7.24 g/cm 3 ) and iron (7.86 g/cm 3 ) are rather small. The carbon content in the layer 1 metal phase was measured with the carbon analyzer, being around 0.07 mass%. It indicates that the iron layer was in solid form at 1,573 K, and no reduction of iron oxide by graphite in the crucible happened. This observation can also be confirmed by Fig. 6(a) from the differences of the diameters of iron layer and the oxide layer. After this process, the FeO was exhausted and RE 2 O 3 was formed, which participated into the flux, forming the RE 2 O 3 -B 2 O 3 fluxes, also illustrated in Fig. 8(b) . The rare earth oxides and the boron oxides formed the rare earth borate, REBO 3 . Reductions of B 2 O 3 and REBO 3 by the remaining REEs in the metal bath then took place after most of FeO had been consumed, as illustrated by Fig. 8(c) , and the RE 2 O 3 layer formed.
Both the REBO 3 and RE 2 O 3 are the high melting temperature compounds, with the melting point being about 1,850 K [22] and 2,590 K, respectively. The formations of these two solid layers will prevent further extraction of the REEs remaining in the metal bath. In order to accelerate the diffusion of boron in NdBO 3 and Nd 2 O 3 and promote the extraction process, further increase of the experimental temperature is necessary.
Pictures of samples after the extraction processes are shown in Fig. 9 . Figure 9(a-c) Fig. 9(d-f) . Different from the sample obtained at 1,573 K, in all samples shown in Fig. 9 , the Fe-rich metals and rare-earth-containing oxides were separated successfully. Most of the Fe remained in the metal phase. From the cross-sectional morphology, it can be seen that the oxide phases covered more evidently the metal phase, whereas the interface between the two phases became rough, as the experimental temperature increased [1] .
Smaller metal droplets ranging from several millimeters to several microns, were also observed in the oxide phase. In order to separate the metal droplets from the oxide phase, magnetic separation was applied. Figure 10 shows the final separation for the sample carried out at 1,673 K for 9 h.
Rare Earth Elements in the Oxide Phase
In the experimental temperature range from 1,673 to 1,823 K, almost all REEs and Al in magnet scraps were extracted to the oxide phase. FeO, initially in the oxidizing agent, was reduced to the metal phase completely. The flux is in fact exceeding the value calculated by just fully oxidizing the rare earth elements in the magnet scraps, where normally the oxygen stoichiometric ratio is controlled at 1.3. Boron oxide that remained in the oxide phase could hardly be reduced completely by carbon. Under strongly Fig. 8 The schematic diagram of the reaction mechanism of the REEs extraction process at 1,573 K reducing conditions and in the experimental temperature range, any iron in the fluxes goes almost entirely into the metal phase. Neodymium, praseodymium, lanthanum, and aluminum always exist in the form of oxides. Only boron was distributed in both oxide and metal phase. Table 3 For all experiments in the present study, as shown in Table 3 , almost all earth elements have been extracted to the oxide phase. The extraction ratios of all REEs are more than 99 mass%, as defined by Eq. (a). Main impurities in the oxides are alumina and boron trioxide. The purity of the rare earth oxides is higher than 96 mass%, according to Eq. (b). (1-9 h ). This clearly indicates that the driving force for the heterogeneous reactions between metal and oxide phase is sufficiently high. Basically, boron oxide in fluxes can also be reduced to the metal phase by neodymium in the magnets. Reduction of iron oxide by rare earth elements is prior to the reduction of boron oxide in the fluxes, as proved both theoretically (Fig. 3) and experimentally (Figs. 6, 7) . Under the experimental condition (1,673-1,823 K, 1-9 h) and the amount of extraction agents employed, all the rare earth in the metal phase were exhausted, and reduction of B 2 O 3 in oxide phase was carried out by carbon from the metal phase [1] . Carbothermic reduction of B 2 O 3 occurs at relatively high temperature, higher than 1,873 K, as shown in Fig. 3 , with much weaker thermodynamic driving force. However, some researchers have investigated the production of boron carbides. The reaction becomes thermodynamically feasible above 1,673 K [23] . Chemical kinetics in this stage play an important role. Further reduction of B 2 O 3 in oxide phase is a time-dependent process, as shown in Table 3 . Of course, the process is also dependent strongly upon temperature, since increasing temperature leads to an increase of the driving force of the reaction. Rare earth oxides can easily absorb the moisture from air and form the hydroxides [21] . Almost all the rare earth oxides have converted to hydroxides after they were placed in air atmosphere for 72 h. Figure 11 shows the XRD analysis for the slag of the samples, displayed in Fig. 9 . It is evidenced that the rare earth hydroxides are the main phases. The XRD patterns of RE(OH) 3 become stronger with less B 2 O 3 content, as shown in Fig. 11(a) . More boron oxides in the oxide phase will decrease the crystallinity of rare earth oxide phase and will improve the formation of the glass phase, as shown in Fig. 11(b) . A perovskite phase of REAlO 3 also existed in the oxide phase, as shown in Fig. 11(a) . It indicates that alumina in the oxide phase reacts with RE 2 O 3 and finally forms the stable perovskite phase [24] .
Ratio of Extraction
It is well known that the rare earth oxides and Al 2 O 3 are chemically more stable than B 2 O 3 and FeO. During the fluxing treatments, aluminum will be inevitably oxidized. Figure 12 (a) shows a BSEM image of the oxide phase, where three main phases were observed: the dark phase in regular morphology, the gray phase in a needle-like form, and the basic white phase. The EDS pattern of BSEM image is shown in Fig. 12(b) . It is observed that the peak of Al in the dark phase is higher than the white phase, and no Al was detected in the gray phase. Before the observation by BSEM, the sample was coated with Au to improve the electrical conductivity of the oxides, the peak of Au is also observed in Fig. 12(b) . The quantitative analysis results of the EDS were normalized without regarding Au.
The EDS quantitative analyses are listed in Table 4 . It shows that the atomic amount of Al is almost equal to the ig. 12 The BSEM of the oxide phase (a), and the EDS patterns (b) to different positions of (a), and the analyzed chemical compositions are tabulated in Table 4 atomic amount of RE (RE: Nd, Pr, and La) elements in the dark phase. It proves that the dark phase is the perovskite REAlO 3 phase, which has also been identified by the XRD patterns in Fig. 11 . The gray phase is RE 2 O 3 phase without alumina, and the white phase is RE 2 O 3 containing a small percentage of alumina. Because the physicochemical properties of the RE 2 O 3 -Al 2 O 3 -B 2 O 3 system are not well defined, the Al 2 O 3 distribution in the oxide phase needs to be further studied. Table 5 . The amount of flux exceeded the stoichiometric ratio of oxygen, and the ratio of all the experiments in Table 5 were fixed at 1.3.
Under these experimental conditions, the extraction ratios and the purities of rare earth oxides were calculated referring to Eq. (a) and Eq. (b), and shown in Fig. 13 . The purities of rare earth oxides produced by the FeO-B 2 O 3 fluxes and Fe 2 O 3 improved apparently with the increase of reaction time, as shown in Fig. 13(a) . However, the purities of rare earth oxides extracted by B 2 O 3 fluctuated seriously, and the purities of these samples were rather lower. The extraction ratios by the extraction agents of FeO-B 2 O 3 and B 2 O 3 were similar. However, the extraction ratios by the oxidizing agents of Fe 2 O 3 were relatively low. Based on the results in Fig. 13 and Fig. 14(a) . However, no clear tendency was obtained for the pure Fe 2 O 3 or B 2 O 3 . The content of B 2 O 3 in the oxide phase using Fe 2 O 3 as oxidizing agent is relatively lower by holding for 1 h, but it hardly changed with an increasing holding time, whereas the content of remaining rare earth elements in the metal phase was the highest compared to the rare earth content in the metal phase, when using other oxidizing agents. This may be attributed to the fact higher levels of B 2 O 3 help reduce the viscosity of the oxide phase [22] . As known, the rare earth oxides have a high melting point around 2,590 K. An adequate fluidity of the oxide phase improves the mass transfer of B 2 O 3 in the oxides, and help to extract the remaining rare earth elements from the metal phase after the FeO has been consumed. The fluidity of the oxides was enhanced by adding B 2 O 3 . The remaining rare earth in the metal phase decreased dramatically. However, using B 2 O 3 solely as oxidizing agent, when the equilibrium of Nd and Nd 2 O 3 is reached, the remaining B 2 O 3 will be reduced by carbon. And the driving force of reduction of B 2 O 3 by carbon in the current experimental conditions is not sufficient.
Increasing B 2 O 3 content in the fluxes resulted in a higher boron concentration in the metal phase. The interstitial solid solution of boron in the Fe matrix will decrease the content of carbon in the metal phase [25] , as is clearly shown in the Fig. 14(b) . The surface tension of the metal phase increases with a decreasing content of carbon and increasing content of boron in the iron matrix phase [26] . The surface tension of the metal melts produced by the oxidizing agents will increase with the increase of B 2 O 3 in the fluxes. The difference of the densities of a high REOcontaining oxide phase and the metal phase is small, hence, the surface free energy becomes an important factor in the separation of the oxide phase and the metal phase. Boron concentrating in the metal phase helps the separation of oxide phase and the metal phase. However, the increase of boron in metal phase will bring the reducing ability of carbon to B 2 O 3 in the oxide phase down. Table 5 Conclusions Extraction of rare earth elements from magnet scraps by a range of FeO-B 2 O 3 fluxes has been investigated in the present work. The reaction sequences for the samples at 1,573 K have been proposed as follows: FeO in the fluxes is firstly reduced by the rare earth elements, the initial formed rare earth oxides then react with B 2 O 3 in the flux and form REBO 3 . The REBO 3 is further reduced partially by the remaining rare earth elements and/or carbon in the metal bath. Increasing temperature and the experimental holding time help to reduce the boron oxides in the rareearth-containing oxides.
The optimized composition of the fluxes has also been determined experimentally. Considering the purities of REO and the extraction efficiency, the FeO-B 2 O 3 fluxes are better than pure Fe 2 O 3 and B 2 O 3 . The highest purity of the rare earth oxides obtained from the present study can reach 98.4 mass% by the extraction agent of 2FeOÁB 2 O 3 and the extraction ratios for the rare earth elements are more than 99.5 mass% after the FeO-B 2 O 3 treatments.
